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Highlight 4: Synthesising cosmological data...

The simplest model consistent with current cosmological observations is the 
ΛCDM model.

Melchiorri

● How is the health of ΛCDM? Is there 
evidence for beyond-ΛCDM cosmology?

● What are the implications for particle 
physics?

[Y.	  Wong’s	  talk,	  see	  also	  A.	  Melchiorri’s	  talk]	  

ΛCDM:	  the	  “standard	  model”	  of	  
cosmology	  

ΛCDM	  =	  General	  rela(vity	  	  
	  	  	  	  	  	  	  +	  Standard	  Model	  of	  par(cle	  physics	  	  
	  	  	  	  	  	  	  +	  empirical	  ingredients	  (DM,	  cosmological	  constant,	  primordial	  perturba(ons)	  
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Cosmic	  microwave	  background	  
anisotropies:	  observables	  

Temperature	   Polarisa(on	   CMB	  lensing	  



[M.	  Madhavacheril’s	  talk]	  

•  CMB	  lensing	  probes	  
late-‐(me	  ma`er	  
perturba(ons	  
	  !	  very	  useful	  for	  
constraining	  neutrino	  
masses	  
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POLARBEAR to Simons Array 

South Pole Telescope 
(SPTpol to SPT3G)  

BICEP-2/Keck Array/ BICEP-3 

Atacama Cosmology Telescope 
(ACTPol to AdvACT) 

CLASS 
Chile, Atacama 

South Pole 

[Y.	  Chinone’s	  talk]	  
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[Y.	  Chinone’s	  talk]	  
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[Y.	  Chinone’s	  talk]	  



ACTPol two-season measurement of lensing power spectrum 
(based on 12% of data in the can)

More scales 
available for 
cosmology 

analysis

Sherwin, van Engelen, Sehgal, MM + ACTPol 2016

Not an easy 
measurement! Requires 

exquisite 
characterization of noise 

and calculation of 
noise-dependent biases 

and higher order 
corrections.

Mathew Madhavacheril, Princeton University

[M.	  Madhavacheril’s	  talk]	  



CMB Experimental Stages
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Space based experiments

Stage−I − ≈ 100 detectors

Stage−II − ≈ 1,000 detectors

Stage−III − ≈ 10,000 detectors

Stage−IV − ≈ 100,000 detectors

Today

Snowmass: CF5 Neutrinos Document
arxiv:1309.5383

Stage-IV CMB 
experiment = CMB-S4 
~200x faster than the 
Stage 2 experiments 
that just finished

Enabling technologies:  
•  First multichroic detectors on-sky in 2017. 
•  Better multiplexing 
•  Beginning to deploy tens of thousands of detectors

Stage-III CMB 
experiments are starting 
now, e.g., BICEP3, 
CLASS, SPT-3G, 
AdvACT, Simons Array

[C.	  Reichardt’s	  talk]	  



CMB Experimental Stages: 
Science forecasts

CMB-S4 
Science 
Book

x6 x10 x7x70Order of magnitude improvements 
compared to today: 

[C.	  Reichardt’s	  talk]	  



Neutrinos mass forecasts
64 Neutrinos

Figure 20. Shown are the current constraints and forecast sensitivity of cosmology to the neutrino mass in
relation to the neutrino mass hierarchy. In the case of an “inverted ordering,” with an example case marked
as a diamond in the upper curve, the CMB-S4 (with DESI BAO prior) cosmological constraints would have
a very high-significance detection, with 1� error shown as a blue band. In the case of a normal neutrino mass
ordering with an example case marked as diamond on the lower curve, CMB-S4 would detect the lowestP

m⌫ at & 3�. Also shown is the sensitivity from the long baseline neutrino experiment (DUNE) as the
pink shaded band, which should be sensitive to the neutrino hierarchy. Figure adapted from the Snowmass
CF5 Neutrino planning document.

3.4.4 Sterile Neutrinos

Mechanisms of introducing neutrino mass often include sterile neutrinos, with both Majorana and Dirac
terms potentially contributing (e.g., Ref. [345]):

LD = �mD (⌫̄L⌫R + ⌫̄R⌫L) (3.36)

LM = �1

2
mT (⌫̄L⌫c

L + ⌫̄c
L⌫L) � 1

2
mS (⌫̄R⌫c

R + ⌫̄c
R⌫R) = �1

2
mT (⌫̄a⌫a) � 1

2
mS (⌫̄s⌫s) , (3.37)

where ⌫a ⌘ ⌫L + (⌫L)c and ⌫S ⌘ ⌫R + (⌫R)c are active and sterile Majorana two component spinors,
respectively. The mass mT can be generated by a Higgs triplet, i.e., mT = yT h�0

T i, or from a higher-
dimensional operator involving two Higgs doublets with coe�cients C/M. For dimension 5 operators, this
becomes the Type-I seesaw mechanism, where both Majorana and Dirac terms are present and mS � mD.

A number of recent neutrino oscillation experiments have reported anomalies that are possible indications of
four or more neutrino mass eigenstates. The first set of anomalies arose in short baseline oscillation experi-
ments. First, the Liquid Scintillator Neutrino Detector (LSND) experiment observed electron antineutrinos
in a pure muon antineutrino beam [346]. The MiniBooNE Experiment also observed an excess of electron
neutrinos and antineutrinos in their muon neutrino beam [347]. Two-neutrino oscillation interpretations
of these results indicate mass splittings of �m2 ⇡ 1 eV2 and mixing angles of sin2 2✓ ⇡ 3 ⇥ 10�3 [347].
Another anomaly arose from re-evaluations of reactor antineutrino fluxes that indicate an increased flux
of antineutrinos and a lower neutron lifetime. This commensurately increased the predicted antineutrino
events from nuclear reactors by 6%, causing previous agreement of reactor antineutrino experiments to have

CMB-S4 Science Book

from CMB-S4 science book [C.	  Reichardt’s	  talk]	  



CMB	  is	  not	  just	  about	  anisotropies…	  

•  Look	  for	  distor(ons	  of	  
blackbody	  spectrum,	  
e.g.,	  μ-‐distor(on	  



𝜇 ≃ 𝜇𝑎𝑐 + 𝜇𝑒𝑥,   

−3 × 10−9 

nondimensional power spectrum  
of curvature perturbation 

1Mpc−1 

𝜇 ≃ 2 × 10−8 for standard nearly-scale inv. fluctuations. 
 

If 𝒫(𝑘) suppressed for 𝑘 ≳ 𝒪(10)Mpc−1, 𝜇 smaller.  
 
 

↓ 

Khatri, Sunyaev & Chluba (2011) 

Chluba & Grin (2013) 

Chluba (2016) 

[T.	  Nakama’s	  talk]	  



Examples of primordial curvature perturbations  
suppressed on subgalactic scales 

× 𝟏𝟎−𝜶 
𝜶 = 𝟏 

𝒌𝒔 = 𝟏𝐌𝐩𝐜−𝟏 𝟐𝟎𝐌𝐩𝐜−𝟏 𝟑𝟓𝐌𝐩𝐜−𝟏 

 

𝒌𝒔 = 𝟏𝐌𝐩𝐜−𝟏 
𝟐𝟎𝐌𝐩𝐜−𝟏 
𝟑𝟓𝐌𝐩𝐜−𝟏 

𝜇 distortions can be much smaller than the standard value ≃ 2 × 10−8  

•  Models	  with	  suppressed	  power	  on	  small	  scales	   	  	  	  	  	  	  	  
[cf.	  cusp/core,	  too	  big	  to	  fail,	  missing	  satellites]	   	  	  	  	  	  
have	  lower	  μ	  

•  Next-‐to-‐next	  genera(on	  of	  experiments	  will	  be	  able	  
to	  dis(nguish	  this	  from	  other	  solu(ons,	  e.g.,	  WDM	  

[T.	  Nakama’s	  talk]	  



Large	  scale	  structure	  observables	  

Cluster	  counts	   Galaxy	  clustering	  Type	  Ia	  supernovae	  

BAO	  scale	   Cosmic	  shear	  

Geometric	  observables	   Perturba(on-‐based	  observables	  



Large	  scale	  structure	  observables	  
•  Unlike	  CMB,	  large	  scale	  structure	  probes	  are	  directly	  
sensi(ve	  to	  the	  ma`er	  distribu(on	  at	  low	  redshihs	  
and	  allow	  us	  to	  see	  the	  evolu(on	  of	  structure	  

•  Par(cularly	  helpful	  for	  constraining	  late-‐(me	  physics,	  
such	  as	  neutrino	  masses	  or	  Dark	  Energy,	  and	  
disentangling	  their	  effects	  



The Dark Energy Survey

Juliana Kwan Cosmology from DES-SV 3

DES is an on-going imaging survey of the Southern Sky using DECam
on the 4m Blanco Telescope in Chile.

[J.	  Kwan’s	  talk]	  



Cosmology: Constraints on �8 and ⌦m (⇤CDM)
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[J.	  Kwan’s	  talk]	  

•  First	  results	  based	  on	  
science	  verifica(on	  
area	  

•  More	  data	  being	  
analysed	  and	  taken	  

•  Several	  further	  surveys	  in	  progress	  or	  on	  the	  way,	  
e.g.,	  KiDS,	  Hyper	  Suprime	  Cam,	  DESI,	  LSST,	  Euclid…	  



Big	  Bang	  Nucleosynthesis	  

•  Forma(on	  of	  light	  elements	  around	  t	  =	  O(1)	  min	  
•  Infer	  primordial	  element	  abundances	  from	  
astrophysical	  measurements,	  compare	  to	  
theore(cal	  predic(ons	  

•  Sensi(ve	  to	  baryon	  density,	  effec(ve	  number	  of	  
neutrino	  species,	  neutrino	  chemical	  poten(al	  



THEORY
Nuclear rates: for d(p,γ) 3He also available ab initio 
calculations (Viviani et al 2000 PRC, Marcucci et al 
2005 PRC, …,Marcucci et al 2016 PRL)
       Larger cross section 
       than present data fit
        (Adelberger et al, 2011, 
       Rev. Mod. Phys.) 

       R= <S>TH/<S>exp >1!         

2H(p,γ)3He

LUNA

ERNA:  S(0)=0.57±0.04 KeV b    Di Leva et al 2010

Important to check 
experimentally this 

result! LUNA 2017-2018?

d(α,γ) 6Li in progress (A. Grassi et al) 

•  Moderate	  discrepancy	  between	  theore(cally	  calculated	  and	  
experimentally	  measured	  nuclear	  rates	  

[G.	  Mangano’s	  talk]	  



THEORY
Nuclear rates: for d(p,γ) 3He also available ab initio 
calculations (Viviani et al 2000 PRC, Marcucci et al 
2005 PRC, …,Marcucci et al 2016 PRL)
       Larger cross section 
       than present data fit
        (Adelberger et al, 2011, 
       Rev. Mod. Phys.) 

       R= <S>TH/<S>exp >1!         

2H(p,γ)3He

LUNA

ERNA:  S(0)=0.57±0.04 KeV b    Di Leva et al 2010

Important to check 
experimentally this 

result! LUNA 2017-2018?

d(α,γ) 6Li in progress (A. Grassi et al) 

•  Moderate	  discrepancy	  between	  theore(cally	  calculated	  and	  
experimentally	  measured	  nuclear	  rates	  

Using D/H
Planck 2015D/H, R=1.16 D/H, R=1

[G.	  Mangano’s	  talk]	  •  S(ll	  good	  consistency	  with	  CMB	  results	  



Planck 2015

[G.	  Mangano’s	  talk]	  



Cosmic	  neutrino	  background	  

•  Strong	  indirect	  evidence	  from	  CMB	  and	  BBN	  
•  Is	  there	  any	  way	  to	  detect	  it	  directly?	  



Direct detection of C‹B neutrinos
At least two C‹B neutrinos over three are non-relativistic now!

How to detect non-
relativistic neutrinos?

a process without energy
threshold is necessary

[Weinberg, 1962]: neutrino capture in —–decaying nuclei ‹ + n æ p + e≠

signal is a peak at 2m‹

above —–decay endpoint

only with a lot of material

need a very good energy resolution
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S. Gariazzo “Neutrino clustering in the Milky Way” WIN2017 - 20/6/17 4/14

[Long et al., JCAP 08 (2014) 038]

[S.	  Gariazzo’s	  talk]	  

PTOLEMY	  
(Princeton	  Tri(um	  Observatory	  for	  Light	  Early-‐Universe	  

Massive-‐Neutrino	  Yield)	  



‹ clustering with N-one-body simulations
Milky Way (MW) matter attracts neutrinos!

�C‹B =
3ÿ

i=1
|Uei |2 fc(mi) [ni,0(‹hR ) + ni,0(‹hL)] NT ‡̄clustering

fc(mi) clustering factor How to compute it?

Idea from [Ringwald & Wong, 2004] N-one-body= N ◊ single ‹ simulations
æ each ‹ evolved from initial conditions at z = 3

æ spherical symmetry, coordinates (r , ◊, pr , l)
æ need fl

matter

(z) = fl
DM

(z) + fl
baryon

(z)
Assumptions:

‹s are independent
only gravitational interactions
‹s do not influence matter evolution
(fl‹ π fl

DM

)
how many ‹s is “N”?

æ must sample all possible r , pr , l
æ must include all possible ‹s that reach the MW

(fastest ones may come from
several (up to O(100)) Mpc!)given N ‹:

æ weigh each neutrinos
æ reconstruct final density profile with kernel method from [Merritt&Tremblay, 1994]

S. Gariazzo “Neutrino clustering in the Milky Way” WIN2017 - 20/6/17 6/14

[arxiv:170(6|7).[0-9]{5}]

[S.	  Gariazzo’s	  talk]	  



[S.	  Gariazzo’s	  talk]	  

Not	  detectable	  by	  
PTOLEMY	  

(energy	  resolu(on	  
too	  low)	  

Minimum	  mass	  detectable	  
by	  PTOLEMY,	  density	  
enhanced	  by	  factor	  ~2	  



Beyond	  standard	  neutrinos…	  

•  eV	  sterile	  neutrino	  
•  keV	  sterile	  neutrino	  as	  DM	  candidate	  

[C.	  Giun(’s	  talk]	  



keV sterile neutrinos and new tests for non-thermal DM candidates

Production Mechanisms for Sterile Neutrino Dark Matter

How to fill the templates with physical models for SN?

The popular production mechanisms are:

Dodelson-Widrow production (DW), aka non-resonant
active-sterile conversion (freeze-in), ⌦DM / sin2 (2✓)

�

⌫↵l↵Ni

WW

✓↵i

Shi-Fuller production (SF), aka resonant active-sterile
conversion (freeze-in)

Diluted thermal freeze-out: SU (3)C ⇥ SU (2)L ⇥ U (1)Y ⇥ GX

DW/SF + late thermalisation in dark sector ! Talk by R. S.
L. Hansen.

Decay production via some parent particle, e.g. real scalar
singlet S coupled to Higgs sector.

[M.	  Totzauer’s	  talk]	  



keV sterile neutrinos and new tests for non-thermal DM candidates

The Scalar Decay Model for keV Steriles

A simple model for scalar decay – Lagrangian

Field content beyond SM: real scalar singlet S and one sterile
neutrino N.

Lagrangian:

L = LSM+


iN

/@N +
1

2
(@µS) (@

µ
S)� y

2
SN

c
N + h.c.

�
�Vscalar

where

Vscalar = �µ2
��

†��1

2
µ2
SS

2+��

⇣
�†�

⌘2
+
�S

4
S

4+2�
⇣
�†�

⌘
S

2

Processes for DM production: SS $ �� (from plasma)
S ! NN.

Mixing sin2 ✓ switched o↵ in this model (good approx.,

cf. 1512.05369 (Merle, Schneider, MT)) ) Can however be arbitrarily
small, not needed to produce ⌫S .

[M.	  Totzauer’s	  talk]	  



[M.	  Totzauer’s	  talk]	  

keV sterile neutrinos and new tests for non-thermal DM candidates

The Scalar Decay Model for keV Steriles

A simple model for scalar decay – non-thermal spectra

The interplay between decay of S in-eq. and out-of-eq. can yield
highly non-thermal spectra:
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mS=60GeV

=10-6.86

y=10-8.69

mN=20keV
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Can’t	  simply	  use	  
standard	  (thermal)	  
WDM	  constraints	  

keV sterile neutrinos and new tests for non-thermal DM candidates

Structure formation for the SD model

SD model and the half-mode analysis

Figure: Constraints from structure formation in the plane �-vs.-y for
mS = 100GeV . Taken from JCAP 1611(038) (König, Merle, MT).



s

Constraints from structure formation and X-rays

Constraints on ⌫s produced
through oscillations

Schneider (1601.07553)

7 / 17
Sterile neutrinos as thermal dark matter

N

Sterile	  neutrino	  produc(on	  through	  
oscilla(on	  

[R.	  Hansen’s	  talk]	  



s Thermalization of the neutrino spectrum

Thermalization

Goal:

Lower average momentum.

Enhanced number density.

Prerequisites:

Coupling to a new boson ' with m⌫s ⌧ m' ⌧ T⌫s ,production.

E�cient number changing processes for '.

8 / 17
Sterile neutrinos as thermal dark matter

N

s Thermalization of the neutrino spectrum

Toy model

Scalar boson ' coupled to ⌫s :

L =
1

2
@µ'@µ' � 1

2
m2

''2 � �

4
'4 + y ⌫̄s⌫s'

We assume no coupling to Higgs.
e.g. Heikinheimo et al. (1604.02401 and 1704.05359) discuss a Higgs coupling

Decay width:

�' ⇡ 1

4⇡
y2m' ,

Number changing interactions:

�v2!4 ⇡ 27
p
3

64⇡4

�4T 3

m5
'

exp

✓
�2m'

T

◆
.
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Sterile neutrinos as thermal dark matter

N
[R.	  Hansen’s	  talk]	  



Constraints from structure formation and X-rays

Constraints on ⌫s produced
through oscillations

Schneider (1601.07553)

7 / 17
Sterile neutrinos as thermal dark matter

N
s Thermalization of the neutrino spectrum

Impact on allowed mixing parameters
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[R.	  Hansen’s	  talk]	  



Primordial	  black	  holes	  

•  Black	  holes	  formed	  in	  the	  early	  Universe	  are	  a	  viable	  
DM	  candidate	  

•  Can	  cover	  mass	  range	  from	  1015	  to	  1055	  g	  

•  Strong	  constraints,	  but	  interes(ng	  phenomenology	  



V. Takhistov WIN-2017 28

Growing BH in NS: angular momentum transfer

● MSP spinning near mass shedding limit → elongated spheroid (Roche lobe model)

[Shapiro,Teukolsky,83]

Add BH → can analytically show (see paper) surface matter exceeds escape speed 
                    → ejected mass !!

[V.	  Takhistov’s	  talk]	  

Gravita(onal	  capture	  of	  
PBH	  in	  spinning	  neutron	  star	  

Ejected	  neutronic	  ma`er	  leads	  to	  r-‐process	  nucleosynthesis!	  



V. Takhistov WIN-2017 48

Summary

● PBH favorable DM candidate, expect in many scenarios

● PBH-NS interactions generic

● Analytically studied the setup:

– site favorable to r-process, can explain amount in Galaxy + UFDs 

– mechanisms for other signatures (e.g. FRBs, 511-keV line, kilonova)

● Search identification:

– no neutrino emission → easy to distinguish vs. SN

– no gravity waves → easy to distinguish vs. COM

→ possibility to resolve major astronomy puzzles simultaneously !

→ tested in upcoming experiments !

[V.	  Takhistov’s	  talk]	  



Leptogenesis	  

•  Generate	  baryon	  asymmetry	  of	  the	  Universe	  
in	  the	  lepton	  sector	  

[Y.-‐L.	  Zhou’s	  talk]	  

Typically	  realised	  through	  
see-‐saw	  mechanism	  



Leptogenesis via Weinberg operator

�

Three Sakharov conditions are satisfied as follows: 

SP
The Weinberg operator violates lepton number and leads 
to LNV processes.   

The Weinberg operator is very weak and can directly 
provide out of equilibrium dynamics in the early Universe.

We assume that a phase transition triggers a time-varying 
Weinberg operator, giving rise to CP violation. 
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No washout if there are no other LNV sources. 

Silvia Pascoli, Jessica Turner, YLZ, arXiv:1609.07969
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Infla(on	  

•  Hundreds	  of	  models	  in	  the	  literature,	  mostly	  
predic(ng	  a	  power-‐law	  scalar	  spectrum	  (and	  not	  
much	  else)	  

•  What	  makes	  a	  model	  interes(ng?	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  
	  	  -‐-‐	  A	  poten(ally	  observable	  non-‐standard	  	   	   	   	  	  	  	  	  	  	  	  	  
	   	  predic(on	  



Blue spectrum from axionic field
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quantum	  fluctua(ons	  in	  
tangen(al	  direc(on	  

Amplitude	  of	  fluctua(ons	  grows	  as	  
field	  rolls	  down	  in	  radial	  direc(on	  

!	  blue	  spectrum	  of	  fluctua(ons	  in	  
tangen(al	  direc(on	  
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Isocurvature
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We expect isocurvature perturbations when additional fields are non-
negligible during inflation.

Iden(fy	  angular	  direc(on	  with	  a	  
dark	  ma`er	  component	  
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Supersymmetric axion model
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Kasuya and Kawasaki, PRD 80:023516(2009)[0904.3800],
Chung and Yoo, PRD 91:083530(2015)[1501.05618]
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Supersymmetric	  example	  



Power spectrum, c+ = 2.235
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Chung and Upadhye, PRD 95:023503(2017)[1610.04284]

Cosmic structure constrains models invisible to the CMB
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Model	  can	  be	  tested	  
with	  LSS	  (and	  CMB)	  data	  

Blue	  isocurvature	  spectrum	  



Conclusions	  

•  Vanilla	  ΛCDM	  s(ll	  rules	  
•  Fully	  thermalised	  eV-‐sterile	  neutrino	  excluded	  

•  Lots	  of	  interes(ng	  new	  data	  expected	  in	  the	  
next	  10	  years	  (CMB	  polarisa(on,	  lensing,	  galaxy	  
surveys)	  
– O(10)	  meV	  sensi(vity	  to	  sum	  of	  neutrino	  masses	  

– O(0.05)	  sensi(vity	  to	  effec(ve	  #	  of	  neutrino	  species	  
– O(0.001)	  sensi(vity	  to	  tensor-‐to-‐scalar	  ra(o	  
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